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where transport plays an important role is to employ a Lagrangian photochemical model
(Austin et al. 1987), where the trajectory of a closed parcel of air (one that does not
interact with surrounding air) is explicitly specified using a Lagrangian transport code.
In this case, the net change in species abundances in the parcel is solely due to chemistry.
The measurements made by the Microwave Limb Sounder (MLS) onboard UARS of the
formation of low ozone pockets in the northern winter polar mid-stratosphere (Manney
et al. 1995) over periods of a few weeks during December 1992 and late February to
March 1993 provide an excellent opportunity to apply such a model.

These low ozone air pockets are observed to occur during winter when a strong,
long-lived anticyclone forms at high latitudes. In the north, such an anticyclone
frequently develops in the Pacific sector (i.e., the “Aleutian high”). As indicated by
observations made by MLS, tongues of ozone-rich air are drawn up from low latitudes
and into the anticyclone, sometimes having moved around the polar vortex, which in the
north is often displaced away from the pole during these periods. These pathways are
confirmed by back trajectories computed for air parcels in the low-ozone pockets, which
are localized in the 6 to 10 mbar altitude range (Manney et al. 1995). As the air lingers
at mid-to-high latitudes, its ozone mixing ratio is observed to decrease. The pockets
of low ozone lingéring in the anticyclone have ozone values as much as 3 ppmv lower
than the 8 ppmv ozone mixing ratios in the subtropical regions where the air parcels
originated.

Morris et al. (1995, 1996) recently investigated the February/March 1993 event
with a Lagrangian photochemical model. The conclusion was that air in the low ozone
pockets at the 850 K potential temperature level is isolated at high latitudes for periods
of time comparable to the photochemical lifetime of ozone. Since the odd oxygen
production rate is low at high latitudes, the ozone abundance drops as it relaxes to the
photochemical equilibrium value. Air outside the pockets at similar latitudes meanders

back and forth between mid and high latitudes over short timescales compared to the
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budgets are constrained by CLAES observations of HNO3 and CIONO, along with
estimates of total NOy (= NO + NO, + NO3 + HNO3 + 2 NyO5 + CIONO,) and

Cly (= C1+ClO+HCl + CIONO,) made from the observed abundances of tracer species
such as NyO or CH4 from CLAES (see, for example, Fahey et al. 1990, Plumb and
Ko 1992, and Woodbridge et al. 1994). The following section describes the spacecraft

instruments and the measurements.

2. UARS Observations of Trace Species

The MLS instrument measures thermal emission in the microwave region of the
spectrum at the atmospheric limb. A summary of the instrument is given by Barath
et al. (1993). The Microwave Limb Sounder instrument has three radiometers that
measure emission from the atmospheric limb at 63, 183, and 205 GHz. The 63 GHz
radiometer provides information on pressure and temperature based on O emission, the
183 GHz radiometer measures emission from H,O and Os, and the 205 GHz radiometer
measures bands of ClO and O;. At 1 to 10 mbar range, the 205 GHz ozone retrievals
have an estimated precision and accuracy of 0.2 to 0.3 ppmv, which is better than 10
percent at 1 mbar, and better than 5 percént at 10 mbar. The 183 GHz retrievals
are less accurate due to the poorer characterization of the 183 GHz ozone band. We
have employed maps made from the 205 GHz measurements (version 3) for this work.
Validation of the MLS ozone measurements is discussed more fully in Froidevaux et al.
(1996).

The validation of the HyO measurements is described in Lahoz et al. (1996). In
the 1 to 10 mbar range of interest, the single profile preéision is 0.1 to 0.2 ppmv (better
than 4%) and the accuracy is 0.5 to 0.7 ppmv, or better than 10%.

Observations of chlorine monoxide (ClO) are also available from MLS (Waters et
al. 1996). Unfortunately, the data are quite noisy; the typical single profile noise at the -

10 level ranges from 0.4 ppbv at 10 mbar to 1.2 ppbv at 1 mbar. ‘Typical model peak
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3. Lagrangian Photochemical Model

We have adapted the Caltech/JPL photochemical model (Allen and Delitsky
1991b) to operate in a Lagrangian mode, similar to the work of Austin et al. (1987),
Jones et al. (1990), and Kawa et al. (1993). In this mode of calculation, the chemistry
of an isolated air parcel with a specified trajectory is simulated, accounting for changes
in temperature, pressure, radiation field, and other relevant physical parameters as
warranted by the path of travel. Since we have decoupled the chemistry and dynamics,
the observed rate of ozone loss is solely due to photochemical processes. In this case,

the continuity equation simply becomes

on;
2 p — L.
at Pl 1

where 7 is the number density of species i, and P; and L; are the chemical production

and loss terms, respectively, for species ¢. The dataset of reactions and photochemical

cross sections, partially shown in Table 1, is taken mostly from the 1994 JPL evaluation
(DeMore et al. 1994).

Back trajectory calculations are run using winds from the United Kingdom
Meteorological Office (UKMO) troposphere-stratosphere data assimilation system
(Swinbank and O’Neill 1994). The validity of these back trajectory calculations
was demonstrated by showing that long lived tracers, particularly N,O as observed
by CLAES, are generally conserved along these paths during the periods when the
low-ozone pockets develop (Manney et al. 1995).

Parcel positions (longitude, latitude, and pressure) are computed at noon GMT at
each day over the period of the trajectory. Profiles of oéone at the computed parcel
positions are generated for noon GMT from asynoptic maps, as described by Elson and
Froidevaux (1993). Temperature profiles at these times are also derived from UKMO
data. The radiation field is computed assuming a spherical atmosphere. The solar flux

is taken from Mentall et al. (1981) and Mount and Rottman (1982).
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shown in Figure 1. The high NO, value is more appropriate for tropical air, whereas the
low value is more appropriate for midlatitude air (see Figure 6 of Plumb and Ko).

Similar correlations between CH, and NOy as well as Cly have also been noted (M.
Gunson, R. Salawitch, private communication). The predicted NOy and Cly from the
CH, relations agree fairly well with the predictions from the N,O relations, once the
observed CH, mixing ratio is reduced to account for the measurement bias described
earlier.

In order to determine the partitioning between members of the active nitrogen and
chlorine families at the start of the run, all of the NOy and Cly is assumed initially to be
in the form of HNO; and HCI, respectively. The abundances of Oz, N3, and Os are fixed
to their initial values. All other species concentrations are computed self-consistently.
The parcel is held at the latitude, pressure, and season at which it originated for three
weeks of model time, long enough for the partitioning between members in the active
nitrogen and chlorine families to reach a diurnally varying photochemical equilibrium.

Observations of trace gases (O3, HO, N2O’ HNO3, CHy4, and CIONO;) made
by UARS instruments over the period of interest have been assimilated into the
photochemical model. Using the proper ozone profile is important since models of
the terrestrial stl;atosphere have generally underpredicted ozone abundances in the
photochemically controlled region above 35 km altitude (Eluszkiewicz and Allen 1993).
The chemical destruction rate of ozone is itself dependent upon the ozone concentration.
Thus in order to compute the loss rate without introducing potential errors related to
the ozone deficit problem, the observed ozone concentration in the parcel should be
used. A second order effect is the sensitivity of the radiation field to the ozone profile,
which impacts the abuhdahces of active radical species.

Other species observed by UARS are also a,ssimrilated into the model. Although
assimilating HO, N3O, and CH, should not have much of an impact as they are

inert tracers, updating HNO3 and CIONO, might be important as.they will affect the

Figure 1
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track observations, and one is made from only descending track observations. Each
latitude on each map thus has one specific local time associated with it. Mixing ratios of
CIONO, at the parcel location are assimilated into the model twice per day at the local
times corresponding to the parcel latitude; at one local time the observation is read off
of the map made using only ascending track observations, at the other the observation
is read from the map made from descending track observations. At the same time, we
update the HCI and ClO concentrations by holding the CIO/HCI ratio constant. Then

assuming that the total Cl, is fixed, we solve for the abundances of HCI and ClO.

5. Simulation of the February/March 1993 Event

5.1. Baseline Model Results

Figure 2 shows two vertical profiles of ozone taken from an asynoptic map generated
from MLS observations for noon GMT, March 7, 1993. The dashed line is inside the
low ozone pocket at 258.5° east longitude and 67.5° north latitude. The solid line shows
the vertical profile of ozone outside the pocket at 178.5° east longitude and 67.5° north
latitude. Note that the ozone peak in the pocket is lower and sharper than for the
ozone peak outside the pocket and that the ozone in the pocket is considerably depleted
relative to the ozone outside from about 1-10 mbar. The nature and history of these low
ozone pockets is described more fully in Manney et al. (1995).

We have computed the chemical evolution of parcels along several different
trajectories ending at the 740, 840, and 960 K potential temperature levels at the
position of the pocket (corresponding to 14.7, 10.4, and 7.1 mbar, respectively, on March
7), and also at the 840 K level outside the pocket (11.3 mbar) at the same latitude. We
will compare the magnitudes and trends of the observed and modeled ozone loss rates
in parcels leading to the low ozone pocket as well as for parcels with trajectories ending

outside the low ozone pocket, where the ozone has “normal” values with the observed

Figure 2
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2.55 ppbv Cl, based on the high NO, curve of Figure 1. Calculations made using the
low NOy correlation will be addressed in a later section. The mixing ratios of Oy, Ny,
and Oj are fixed to their initial values (20.9%, 78.1%, and 9.1 ppmv, respectively). All
other species are computed self-consistently for three weeks of model time such that the
members of the NOy and Cly families converge to a diurnally repeating photochemical
steady state.

Figure 4a shows the average observed ozone abundance along the 840 K trajectories
leading to the pocket. The ozone values have been smoothed by replacing each point
with the average of the point and its two neighbors, keeping the endpoints unchanged.
This makes it easier to see trends in the day-to-day change in the measured ozone.
The second panel compares the day-to-day change in the smoothed ozone (triangles)
with the model predictions for change in ozone (open circles) over the period of the
trajectory. We estimate the minimum uncertainty on the observed day-to-day change in
the ozone mixing ratio to be on the order of 0.4 ppmv; since the precision of individual
MLS ozone measurements is on the order of 0.2 ppmv. Note that this uncertainty is
in most cases larger than the magnitude of the day-to-day change! Nonetheless, there
is an obvious long term trend in the observations, and both the observed and model
ozone changes are systematically negative and of roughly the same magnitude, with the
notable exception of days 50 through 55, where the model ozone loss is greater than the
observed loss. The observed overall decrease in ozone is 3.4 ppmv with an estimated
uncertainty of 0.9 ppmv, based on the variation of observed ozone mixing ratios in our
“uncertainty box”. The integrated model loss is 3.9 ppmv. The third and fourth panels
show the pressure and latitude histories of the parcel, respectively. The fourth panel
also shows the average noontime solar zenith angle of the parcels as a function of time,
which is a measure of the solar insolation received. |

Figure 5 is a similar plot for the trajectories leading to the point outside the

pocket at 840 K. The ozone mixing ratio remains relatively constant over this time

Figure 4

|Figure 5
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the low NOy mixing ratios and the asterisks show the computed ozone loss with low
NO, and a modified value for the reaction of OH and ClO. Calculations with modified
chemistry will be addressed in a later section.

The results we have presented thus far do show a qualitatively interesting point,
namely that the model ozone deficit still appears to exist above about 7 mbar altitude,
while the model appears to predict changes in ozone below this altitude reasonably
accurately. However, as we have seen for all of the cases shown above, there are many
uncertainties. For example, individual trajectories may not properly describe the true
air motion, particularly near the end of the back trajectory (day 45), or the initialization
of species in the parcel may be wrong.

Figure 9 compares the simulated daily changes in ozone with the observed
daily changes in each group of trajectories. Each group has (5 trajectories)*(22
points/trajectory) = 110 points in it. We have plotted the average of the day-to-day
changes for each group along with the sample standard deviation. Note that the
predicted ozone decreases for parcels ending at 960 K are all much greater than the
observed losses. It must be noted that this is a relatively small sample size and more
cases should be run before quantitative conclusions may be drawn. However, it does
appear that the xﬁodel adequately describes the chemistry in the parcels below about
the 840 K potential temperature level and consistently overpredicts ozone loss rates

above this.

5.2. Influence of Vertical and Latitudinal Motion on Ozone Loss Rates

A trajectory has three components, motion in longitude, motion in latitude, and
motion in pressure. Since the motion in longitude has a small effect on the solar zenith
angle, compared to the rotation of the earth, motion in latitude and pressure have a
much larger impact on changing the radiation field, which in turn drives the processes

that produce and destroy ozone. We have seen from the 960 K runs in the previous

Figure 9
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Figures 4 and 5, the parcels follow similar pressure paths, but very different latitude
paths, although the final latitude is 67.5° north in each case. The noontime solar zenith
angle is greater than 60° for the last twelve days or so for the parcel ending within the
pocket (Fig. 4d), while the noontime solar zenith angle mostly remains below 60° for the
parcel ending outside the pocket (Fig. 5d). In each case, the production of odd oxygen is
anticorrelated with the noontime solar zenith angle (which decreases as the parcel nears
the pole). For the parcel ending outside the pocket, there is a slight net production of
odd oxygen at low latitudes as the ozone concentration in the parcel is below the low
latitude equilibrium value. Conversely, at high latitudes, there is a net loss of ozone.
The ozone mixing ratio in parcels rapidly moving between these two regions reflects

a balance between the average production and loss over periods comparable to the
photochemical lifetime of ozone, which is about 10 days at 35 km altitude (Ko et al.
1989). Panel (e) of Fig. 10 shows the calculated ozone change for a parcel following
the trajectory ending at the 840 K potential temperature level outside the low ozone
pocket, with the same chemical initialization as parcels (2)-(d). The calculated ozone
loss is -1.89 ppmv, much smaller than the loss along the trajectory leading to the pocket.
Thus the varying concentration of ozone in air parcels at the latitudes of the low-ozone
pockets reflects diﬁerent exposure times to sunlight as the parcels take different paths
through the higher latitudes.

Morris et al. (1996) performed numerical experiments to examine the effects of
varying the trajectory followed by a parcel on its ozone content. Their findings are
consistent with those presented here; that the low ozone pockets form in the middle
stratosphere when air is held at high latitudes for a week or more, and that air outside
the anticyclone does not exhibit these low dzone values as it is not confined to high
latitudes.. Adjusting other factors, such as temperatﬁre and the initial values of ozone
and NOy, in their model did not have an appreciable effect on the final ozone mixing

ratios.



0T M3t

wol] "1exood oY) apfsqno pue opisur 3 Opg 18 Suipud spdred om) oY} I9pISU0d MON
-awdd §¢- Jo 9SuBYD Paslasqo oYU} Yjim [[om soredwiod
yorgm ‘awrdd g-g- st (p) osed ut o8uBYD 9U0ZO PAYR[NOEd 9y3 YeY} ‘A[[eIUSPIUL ‘djON
-aurdd ¢ punore st onfea WNUIQI{INDd oY) ‘sAep UL} SB] 9Y} JO IS0 10} 09 JO premajod
sAeys pue premyjiou seaow A[pider 1901§d oy} oroym ‘(p) pue (2) seseo uy -awdd g
JNOqE SI 9UO0ZO JO oN[eA WNLIGIINDd 8y} ‘,6°¢E 18 POXY ST 9PNIIIe] oY)} 2I0GM ‘(q) pue
(®) seseo uy -oye1 sisk[0j0yd USBAXO 1oMO[ SOUSY PUE UOII[OSUL IB[0S I10MO] 93 03 anp
‘o[0d oY} 0} I9SO[O IoMO[ SI oNeA WNLIQI[IMba [eotweyoojoyd sty ], ‘ssof syenbs uorjonpoid
oIoUM ‘onfes wNIIqI[mbe [eoTWEYD030Yd © SpIEMO)} SOXB[DI [9oxed ay) Ul aU0ZO JO Oljel
Surxiuz oY) ‘eseo Yord uJ ‘£10703(eI1} [enjOR aY) JuoR a8ueyD poaIasqo 9y} 03 dfqeredurod
‘9uozo ut agueyp a8re] ® seonpoid Area 03 apniIye[ oY} Suimof[e ‘10AOMOJ] "Paxy Py SI
onssoxd oY) 8I19YM SOSEO I} WO} OIFeI JUTXIWL 9UOZO Y} UT o8ueypo s1qi8ij3ou e seonpoid

[pored oy} Aq posioaer} a3uel oy} 1940 LIea 0} ansso1d oy} SuImMO[[e Y8Y) 99S M\
‘0T 2InS1,] Ul UMOYS dIR 9SBD [OEd 10] oU0ZO Ul
a8ureyo [810} pPUR SOIJRl JUIXIW dUOZO pemndwoo oy, ‘uo130es snotasid oy} ut £10303[e1)
Y 0P8 Y} 10j Se aures oy} sI [991ed Yoo 10 UOIRZI[RIIIUL [ROTUISYD SYT, "£10900(e1)
[eN30R 91} WOI} SJUSUIDINSLIUT IR[IUIISSE 0} oreurdoidde jou st 91 ‘sat10309(eI} SNONIOY
aIe 0s9Y} 90UIG “A[JUI)SISUOD-J[OS ‘DUOZO Surpnpout ‘seroads [[e Jo seourpuUNnge 9y} 9)ndurod
07 [2pPOU 9} MO[[@ 9 SUOTIR[NORD I8IY) U] '(A1oArpoedsal ‘YII0u 6°gg Pue Iequi ¥.°9)
Son[eA [eIIUl 11973 0} WY} X I0 ‘(py pue o seIndig ul umoys) £10309(e1} pandurod
o} 03 Surp1000® AIRA 0} 9pNIIFe] 10/pue oInssa1d oY) MO[[e I9Y}I0 aM ‘UNI [9pPOU [oBd U]
“pax00d 8} UIY}IM [9AS] 3] OF 29U} ¥e SUIPUS UOIDLS JSE[ Y} Ul UMOYS sa110700(R1) 9}
jo ouo 18A0 opnjrye| pue dinsseid oyy Jurdrea A[[enpIAIpul JO doURpUNGER dUOZO Y} UO

$100]J9 9} SUILIELXD 9M dIOYM SJUSWILIAAXS [RILIOWINU JO SILISS © pouriojrod aaRY A\
"9U0Z0 JO YRl SSO[ Y} U0 apnjiye] pue amssaid Ul
UOTJOUI JO S}O0PS ) YSINIUIISIP 0 JIYMYIIOM ST 3T SNYJ, 98l S5O SUOZO pondwoo a3

1o 1000 a81e] © sey A[rerjusjod poyedo] st [eo1ed oy} YOIYM qe aansseid 913} e} UOI}00S

L1



20

(Figure 11). After this, the parcel remains at high latitudes where zonal means are not
particularly meaningful due to the pronounced zonal asymmetry.

Figure 8b shows the net change (production minus loss, or P — L) in ozone over the
parcel trajectories ending at 960 K for the standard case, low NOy, and low NOy plus the
modified OH + CIlO reaction. Decreasing the NO, and ClO contribute roughly equally
to reducing the net ozone loss at high altitudes. Note that although the combination
of the low NO, and 7% HCI branch causes a considerable decrease in P — L relative
to the standard case, particularly in the early part of the trajectory when the parcel is
higher than the 5 mbar altitude level, the integrated ozone loss over the period of the
trajectory is 10.1 ppmv, still greatly in excess of the observed 2.56 ppmv. Thus we find
only slight improvement in the agreement between modeled and observed ozone loss
rates, as shown in Figure 9. There still appears to be a clear discrepancy between model
and observed ozone chemistry in the upper stratosphere.

Jucks et al. (1996) used simultaneous measurements taken in September 1989 at
34° north of active hydrogen, nitrogen, and chlorine radicals to show that the calculated
ozone production and loss rates balance to within 10% from the 10 to 4 mbar altitude
levels. At the present time we have no explanation for the discrepancy between their
findings and ours; namely that model error in the Cly partitioning does not appear to

be entirely responsible for the 960 K ozone deficit.

6. Simulation of the December 1992 Event

A low ozone pocket was also seen in December 1992, however, the latitude of
formation was not as near the pole; the center of the pbcket was located at about
45° north as opposed to 'about 65° north latitude for the February/ March 1993 event.
Figure 12 shows observed vertical profiles of ozone inside the pocket (174.5° east, 47.5°
north) and outside the pocket (229.5° east, 47.5° north) on December 24, 1992. Again,

the ozone at the position of the pocket has a low, sharp peak, and is considerably

Figure 11

Figure 12
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much larger for the trajectories leading to the pocket. The parcels ending outside the
pocket are subjected to higher solar zenith angles over the last three days of the model
simulation but there is no decrease in ozone since this is a short period of time compared
to the photochemical lifetime of ozone. Thus it appears that the same processes which
produce a low ozone pocket at high latitudes, also operate at lower latitudes.

The 960 K results are summarized in Figure 17. We find that the model prediction
of 6.1 ppmv for the integrated ozone loss exceeds the average observed losses of
1.9 + 0.4 ppmv for parcels ending at the 960 K potehtial temperature level, although
the discrepancy is not as great as for the February/March 1993 case. This is because
the ozone mixing ratios in the parcel over the period of the trajectory were lower than
for the February/March 1993 event (Manney et al. 1995), which leads to smaller loss
rates. Even so, there remains a serious discrepancy between observed and modeled loss
rates, particularly in the early part of the trajectories where the parcels are above about
6 mbar.

Fig. 17b also shows the computed daily ozone losses with low NOy and low NO,
plus the modified OH + ClO reaction. The integrated losses in these cases were -5.1
and -4.5 ppmv, respectively. Again, although the agreement between the observed
and modeled ozone losses is improved, the model still overestimates the ozone loss,
particularly at lower pressures early in the trajectory. In this instance, the model also
overestimates the ClO mixing ratio early in the trajectory, compared to the zonal mean
ClO measurements from MLS (Figure 18), unlike the good agreement found in the other
event. Thus even with the 7% branch for HCI production, the description of chlorine
chemistry in the model is still in error. If we extrapolate the effect of lowering ClO on
the integrated ozone loss, we estimate that léwering CIO by another 20% to agree with

the MLS zonal means would equivalently reduce the magnitude of the computed ozone

loss by 20%, or to about 3.5 ppmv, still leading to a discrepancy between observed and -

computed ozone losses.

Figure 17

Figure 18
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ratios found in the vortex and the low ozone pockets. The low ozone levels for parcels
outside the polar vortex are due to the longer residence times of these parcels at higher
latitudes and the corresponding decrease in the odd oxygen production rate, and not to
an increase in the loss rate by reaction with halogen or other species. These findings are
consistent with the conclusions of Morris et al. (1996).

At altitudes below about 7 mbar, the photochemical model satisfactorily reproduces
the observed ozone loss. However, we find that the photochemical model consistently
overestimates the loss rate for ozone at pressures less than about 7 mbar. This is a
region of the atmosphere where models have historically overpredicted ozone loss rates
relative to production (the “ozone deficit”). In contrast to earlier work, we find that
adjusting the chlorine partitioning does not definitively resolve this issue above the 960
K potential temperature level. Thus it appears that significant uncertainties remain

in our understanding of the photochemical processes controlling ozone in the upper

stratosphere.

Acknowledgments. We would like to thank Gloria Manney for providing trajectories
for this effort. We would also like to thank Gloria Manney for her comments and Gary Morris
for providing a pre-publication manuscript of his work. This work was carried out in part at
the Jet Propulsion Laboratory, California Institute of Technology, and was supported as part

of UARS Guest and Theoretical Investigations.



Suixtwi 9y} uey} 1081y SI ITe [ULIOU,, ST} I0] OTyel SUIXIUI 9UOZO 9Ye)S APRaIS 9} SNy,
“19500d 9UOZO MO[ 9y} UT ITe JO ey} 0} aque[ai 431y st uaﬁ&xdppo jo aye1 uoryonpoid
o8eIoA® 913 RY)} UONS Sepnjije| Y31y pue PlUI Usemidq YI0] pue oeq s3uims Aqreotd4y
x0110A Iejod aYyj} apIsino pue sqaﬁz)od 9s93 JO 9pIsINO 11y Ua8Ax0 ppo jo uoronpoid
oY) 90uE[Eq 0} d)el SSO] 9Y) 10J Ieplio Ul vsan[m MOo[ 0} S[[ej O1Yel SUIXIW SUOZO ‘[[eUIS
st se[3ue yjruez Iefos Y31y je usBAX0 JO 3Rl sisA[ojoyd oYy} 0UIG "SI0} 1o00d 2u0Z0
MO[ ® ‘9U0ZO0 JO duITje] [edtweyoojoyd oy} ueyy 108uo[ owr} Jo spotrad 10} se[8ue YIIUIZ
R[0S YSIY Ye P[oY ST ITe USYM JeY) dJedIPUl SIUSAS Y30q I0f SUOLIRINI[ED K10300(R1],
‘spene] aInjeradwag reryusjod 31 096 PUB ‘078 ‘Op., 943 Ieou
SSO[ 9UO0ZO JO YRl 9Y} SPUIULIN)RP A[2)eINd0’ S[EPOU JUSIIND Ul $9s59001d [ROTWRYD0t0Yd
J0 uondiIosep oY} ISYIRYM JS9) 0} [opOo Teorwayoojoyd uerdueide e .on,u; payerodiooul
orom (SUV (1) PN[[PYeS YoIeasey areydsownsy 1odd() oy) preoqe (SHVTID) I930w01309dg
uopeyy Aelry quury orudBoI)) 9y} pue (STIN) 19pUNOS qUIIT SARMOIDIN Y} WOI} s910ads
90RI} JO SUOIJRAIdSq() "1o3pnq dUO0ZO Y} 0} SI0INGLIJU0D quelrodurt are AI19STWOYD pue
SOTWRUAD {10q 2I07M UOISI 9pN)Ije U UL INDO I8 JO s1oxpod 9sey ], ‘Z661 1RquIdde(J
pue ¢661 Uorely/Areniqaq ut o1oydsoyel)s S[ppiwr 9y} Ul Ire 100d 9UOZO ‘[BOILIOA-BIJXO
jo spspod peaIesqo 03 Juipes] (g661) 10 30 Louuely £q poyndurod so110%09(e1)

Suoe Ire jo spored ogads JO UOIINIOAD [EOIWIAYD A} PaYR3IISOAUT dARY A

SUOISNOU0D °J

"SOIJUIR}I9OUN YY) JO SeZUBI SUIDIJXS JY) Je

ST JuoureaISe STy} YSnoyj[e ‘Sarel SSO SUOZO PIAIISqO PUR [PPOU Y} UIMIA] JuamId0Ide
19939q 03 pes] Se0p HO + OID Wolj [DH Jo PRIA uorjonpold %), 9y} pue seouepunqe
AN 19Mm07 jo uorye1odiodu] -opnII[e ISYSIY Y} 18 YT SO 9YY SIFRUI}SIIOA0 [SPOUI T3
1nq ‘sopnjII[e IoMO[ Y} JB S9YRI SSO| PIAISSGO 3} UM [[om sea18® [opouw 9} JeYl Puy

oM “JUoAd £GET UOTRIN/ATeniqo 9y oI ‘6 oInSI] 0} Ie[IWIs sa3URYD [OPOW oY} YHim

!

6T 9In31| suozo ur saSueyd A[rep PoAIaSqo oY} UGIMID] uostreduIod 9y} sezLreWWINS G 2In31,]

€3



26

1009-1032, 1983.

Crutzen, P.J., J.-U. Groo8, C. Briihl, R. Miiller, and J.M. Russell III, A reevaluation of the |
ozone budget with HALOE UARS data: No evidence for the ozone deficit, Science,
268, 705-708, 1995.

Demore, W.B., S.P. Sander, D.M. Golden, R.F. Hampson, M.J. Kurylo, C.J. Howard, A.R.
Ravishankara, C.E. Kolb, and M.J. Molina, Chemical Kinetics and Photochemical Data
for Use in Stratospheric Modeling, Evaluation Number 11 JPL Publication 94-26, 1994.

Dessler, A.E., S.R. Kawa, D.B. Considine, J.W. Waters, L. Froidevaux, and J.B. Kumer,
UARS measurements of C1O and NO; at 40 and 46 km and implications for the model
“ozone deficit”, Geophys. Res. Lett., 23, 339-342, 1996.

Elson, L.S., and L. Froidevaux, The use of Fourier transforms for asynoptic mapping: Early
results for the Upper Atmosphere Research Satellite Microwave Limb Sounder, J.
Geophys. Res., 98, 23039-23049, 1993.

Eluszkiewicz, J.E. and M. Allen, A global analysis of the ozone deficit in the upper stratosphere
and lower mesosphere, J. Geophys. Res., 98, 1069-1082, 1993.

Fahey, D.W., S. Solomon, S.R. Kawa, M. Loewenstein, J.R. Podolske, S.E. Strahan, and K.R.
Chan, A diagnostic for denitrification in the winter polar stratosphere, Nature, 345,
698-702, 1990.

Froidevaux, L., M. Allen, S. Berman, and A. Daughton, The mean ozone profile and its
temperature sensitivity in the upper stratosphere and lower mesosphere: An analysis of
LIMS observations, J. Geophys. Res., 94, 6389-6417, 1989.

Froidevaux, L., W.G. Read, T.A. Lﬁngu, R.E. Cofield, E.F. Fishbein, D.A. Flower, R.F.
Jarnot, B.P. Ridenoure, Z. Shippony, J.W. Waters, J.J. Margitan, LS. McDermid, and
R.A. Stachnik, Validation of UARS MLS Ozone Measurements, J. Geophys. Res., 101,
10017-10060, 1996.

Garcia, R.R., and S. Solomon, A numerical model of the zonally averaged dynamical and
chemical structure of the middle atmosphere, J. Geophys. Res., 88, 1379-1400, 1983.

Jackman, C.H., R.S. Stolarski, and J.A. Kaye, Two-dimensional monthly average ozone balance

from Limb Infrared Monitor of the Stfatosphere and Stratospheric and Mesospheric



‘¢ ‘10§ -dg rjpupyg ‘ereydsojerss o) Jo sgxeSphq Teoruw_yy) ‘[Z[IeWdg () pue “rd ‘uezinin
| | ‘9661
‘eH06-1806 ‘0T “'soy ‘shiydoan -1 ‘topow reorweroojoyd ' Yy uostredwo)) : X)) pue
XN ‘*OH o1107dsoyeI)s JO SJUOWDINSEOUT SNOAUR) WIS “USS[SYIIIN "V H PUe ‘gojmeres
oy Sfugpesg g ‘rarredrery d ‘SYenp T ‘wosuyor "H'( ‘qeiL Y'M 3 ‘ourq)
9861 ‘L6TT-L9TT ‘T6 sy "shydosy [ ‘SUOHNQLLSIP
oads 90eI) polIejul Jo Juowdo[PAd(] g ‘eyep ) SNQUIIN SUISn SSIpnjs reorwaypojoyd
oueydsoyeng ‘qroquier “('( PUe ‘III [(ossny W[ ‘Buysnog gy ‘welerereN ‘W “d ‘streD
"986T ‘PURIIOH “1YPaIPI0(
‘[P19Y "(I ‘UOTIIPd PUODLS ‘Qudydsouwssn ]ppruk 24y} fo fiwouolay uowo(og "§ pur 'Y ‘Imosserg
"€66T ‘29L0T-TSLOT ‘86
“say ‘shydoay) - ‘JUSWINIISU] I0PUNOG qUITT SABMOIIIN SH[[OYES YOIeassy axeydsouryy
zodd() oY, ‘UOS[IM ‘['M PUE ‘SIOYEM "ML “®[eSIRL Y[ 9MING VY SHIOS 'S'd
‘$aQaIS D) “WOPId W'H ‘Weppad "D Keutiypoiy ‘d Y ‘YoneeN [y TosIPPEN (g
‘007 "G ‘DR 3D PS0[3 ‘[*D ‘WRWSZAOTS] “D'M ‘J0Urer I ‘UOPIOH Y[ ‘SHIeH
M “WeID) g ‘Sunpeld YN ‘Temold V' ‘PPY0D ‘HY ‘zeaeyD D'W “L'd ‘Yrered
"L86T ‘T6E-19€ ‘1T 208 104021 Y L "D
‘ma9sAs oyeuIp100d K10308(e1} oIoYdsOYRI)s © UL SUOIYRAIDSO SINTT YA suostredurod
[epour [eormeypojoqd ‘Apoaez W'V SPNL AV Oid VL ‘1%siied DY T ‘uisny
"qI661 ‘168C1—E88TT
‘96 ‘-say -sfiydoay -p ‘suoryearesqo £doosorjoadg STNOSION S0BLL srregdsoumnyy
¢ qepeoedg Suisn Arysrueyoojoyd ueBLx0-ppo JO 1593 Y AqsPPA TN PR “I ‘UO[Y
"®1661 ‘616-£16C
‘96 “-say -sfiydosn ‘r ‘suoryearssqo £dodso1}oadg S[MIS[O]N 99BI], srpydsownyy ¢
qepeoredg woxy ¢OH pue QLD jo seouepunqe oYy Surudyu Ay T PT "IN ‘way
‘$86T ‘CLST-TVSY ‘68 ‘'soY sfiydoapn - ‘droydsouray) 1omof pue

o1oydsosamr oY} Ul SUOZO JO UOTINGLIJSIP [EIIHdA YT, ‘gungx T A pue ‘eurun 1L “WN ‘UIY

S9OUDIRJY

54



28

13939-13950, 1995.

McElroy, M.B., and R.J. Salawitch, Stratospheric ozone: Impact of human activity,
Planet. Sp. Sci., 87, 1653-1672, 1989.

Mentall, J.E., J.E. Frederick, J.R. Herman, The solar irradiance from 200 to 330 nm, J.
Geophys. Res., 86, 9881-9884, 1981.

Mergenthaler, J.L., J.B. Kumer, A.E. Roche, R.W. Nightingale, J.F. Potter, J.C. Gille,
S.T. Massie, P.L. Bailey, D. Edwards, P.S. Connell, D.E. Kinnison, M.R. Gunson,
M.C. Abrams, G.C. Toon, B. Sen, J.-F. Blavier, D.G. Murcray, F.J. Murcray, and
A. Goldman, Validation of CLAES CIONO; measurements, J. Geophys. Res., 101,
9603-9620, 1996.

Michelsen, H.A., R.J. Salawitch, M.R. Gunson, C. Aellig, N. Kaempfer, M.M. Abbas, M.C.
Abrams, T.L. Brown, A.Y. Chang, A. Goldman, F.W. Irion, M.J. Newchurch, C.P.
Rinsland, G.P. Stiller, and R. Zander, Stratospheric chlorine partitioning: Constraints
from shuttle-borne measurements of HCI, CINO3, and ClO, Geophys. Res. Lett., 23,
2361-2364, 1995.

Morris, G.A., S.R. Kawa, A.R. Douglass, M.R. Schoeberl, J. Waters, and L. Froidevaux,
Mid-stratospheric ozone loss in wave breaking events, Eos, Transactions, American
Geophysical Union, 76, S78, 1995.

Morris, G.A., S.R.. Kawa, A.R. Douglass, M.R. Schoeberl, L. Froidevaux, and J. Waters, Low
ozone “pockets” explained, Submitted to J. Geophys. Res., 1996

Mount, G.H., and G.J. Rottman, The solar absolute spectral irradiance 1150-3173 A: 17 May
1982, J. Geophys. Res., 88, 5403-5410, 1982.

Nair, H., M. Allen, G.L. Manney, R. Zurek, and L. Froidevaux, An investigation of low ozone
anomalies in the winter middle stratosphere using a Lagrangian photochemical model,
Eos, Transactions, American Geophysical Union, 76, F80, 1995.

Natarajan, M., L.B. Callis, R.E. Boughner, and J.M. Russell III, Stratospheric photochemical
studies using Nimbus 7 data: 1. ozone photochemistry, J. Geophys. Res., 91, 11563-1166,
1986. ’ |

Plumb, R.A, and M.K.W. Ko, Interrelationships between mixing ratios of long lived



00T ‘s shiydoon ~r ‘reyuim Surmp suopAdrjue dl1eydsoye1)s A[pprw oY} UI syexood
9UOZO MO[ JO UOIJRULIO ‘YUuequimG "y Pue ‘[[BN.O 'V ‘0Yyooy 'V ‘Ie[R(Iue3IaIN
T ‘rewny] gL P O PMZ MY ‘sToyepy ML XmeAspIol] T “T'D ‘Keuuely
‘9661 ‘6¥T0T-62T0T ‘T “soy "shiydoan °p ‘symouroImsedly OH ZHD €8T ST SUVN
JO uOIyepIRA ‘swyep ML ‘Omng "y ‘“Auoddiyg 7 ‘peey ‘H'M “ferqdumd "HH
‘ureqpod ‘D MIUNT "y, ‘M “T'D ‘POOMIEH "SH XNEAIPIOL] T ‘OIS U VM ‘ZOUeT
"9661 ‘9596-1296
‘771 “say “shydoar) p (SUVN) oNIEYeS Yoressoy d1oydsounyy raddn YSVYN 29U} uo
padopdep juswnysur (SHVTD) Iejwordadg uorery fe1ry quiry o1ue804A1)) oY) woI}
J000A TOISIOA BYEP PIOR OLIJIU YJIM BIRP SA1JR[e1I00 JO uosireduro) ‘uosuyor “H ( pue
‘sypnp M ‘U], "y ‘URwp[op Y ‘Aerdmpy “H'J ‘Aermpy (D d ‘PISGM UD
“fruyoeig “y-y ‘1wae[g " ‘UG ‘g ‘UOCT DD ‘SWeIQY "D ‘Wosuny 'ﬁ'w ‘Aorreg
g ‘OtsseIy "I°S OO "L ‘OreSunySIN ‘MY ‘0uooy H'Y ‘Wo[eqiuslion Tl e[ ‘ownyy
‘6861 ‘9686-6886 ‘76 sy "shiydos [ ‘S|OPOW [UOISUIUIIP-OM}
PUR [RUOISUOWIIP-OUO Ul SUOZO JO UOIeIjuaouod dl1sydsojenss oy Sururmiagep ut
s0ss0001d [ROTWIOYD pue [edTureusp JO S9[01 9YJ, ‘UIANSUSSIIM 3" PU® 9z8 "A'N “M N ‘oM
‘66T ‘01SZ-L0ST ‘07 “1oT 's9Y "sfiydoan ‘ssr10ydaler) Suore A1jstureyd
Jo [epowr & Suisn J[-HSVV WO SUOIYRAIISqO £0N/*ON Jo uoryejpidioju] ‘UIe)SUIMDOT]
‘I ‘uosepuy I ‘Poid “H'IN ‘wemmoN “y'd ‘4re] Y] ‘wossuor g ‘a3p11Iqpoop
-5 ‘BySTe[03S Sy ‘SSe[Sno( "Y'V ‘119Qe0TR8 H'IN ‘UOS[IM DL ‘Aeved M “U'S “emey
9661 © ‘oudtog
01 papruqng ‘o1oydsoyeI)s S[PPIU 9Y3 UI SJUSUILINSEOW 9 SSO[ pue uorjonpoiad suoz()
SRy Yy PUR ‘gpjise[es (Y QeI VUM ‘90ueqD "A'M ‘uosutor "H'd “MM ‘SPur
0661 ‘8¥S-SFS LI “HAT sy
‘sAydoar) ‘Tojuim O139IY 68/8861 oY) Jump uo131s0duIoD [ROTWSYD UO UOIJeULIO) pnopd
oueydsoyerss rejod Jo 9duSNyUI 9y} UQ ‘UOWO[OS 'S PUE ‘9100 "Y1 “BUUSMON ‘S'd Ty ‘seuof
'8L6T ‘61S-16¥ ‘97 “sfiyd 2ovdg "shyd
-09n a2y ‘Arysteyo orreydsojelrs Jo suorjejerdiaquy ‘exsjopod ‘[ pue “S'H ‘uojsuyof

‘9861 ‘OTTT-CO0TT ‘I6 ‘'soy "sfiydosn “r ‘eyep 19punog

Lt



30

mr, Division of Geological and Planetary Sciences, California Institute of
Technology, Pasadena, California 91125. (e-mail: han@mercul.gps.caltech.edu)

M. Allen, L. Froidevaux, and R.W. Zurek, Earth and Space Sciences Division,
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, Cali-
fornia 91109. (e-mail: maa@mercul.gps.caltech.edu; lucien@wilga.jpl.nasa.gov;
rwz@rich.jpl.nasa.gov;)

Received

1 Also at Logicon Geodynamics, 21171 Western Avenue; Torrance, California 90501

2 Also at Division of Geological and Planetary Sciences, California Institute of Technology,

Pasadena, California 91125

To be submitted to the Journal of Geophysical Research



'S661 ‘7908-LS0E ‘00T sy "shiydosn - ‘11 ISVV SUMMP SJUSWAINSESW YSELP pue
nJIs Ul woj 219Ydso)er)s 1omof oy} Ul SULIO[YD m;mgﬁxoug pue o1ue3I10 [R}0} JO SOYRUITISH
“pyiaereg ‘py pue ‘Suneog Yy “SZIUOW V'S ‘WeBHID T KB Q'Y ‘1015qeM
gD ‘ONS[Opod. 'l ‘UIRISUaMS0T "N ‘SeIY "T'H ‘PHNES "N'S Pollod “H'M WAlD
WL ‘Sutreg ‘f"J, ‘uowo[og ‘S ‘WpH HT ‘Aoyed ‘M’ ‘SUBH "ML “TH @3pHqpoop
9661 ‘LZTOT-T6001 ‘707 “say "shydos 1
‘sruewaInsesN OID ST SHV Jo uorjepre) ‘sueismyy, "d Y ‘Auoddiyg -7 ‘smouapry
J°g “emureyeN 7T ‘Apreq DL ‘g YL ‘1m0 V' ‘Wequshi d'd ‘PRYOD ‘dH
‘gourep ‘g ‘YrUYeIS VY ‘UNIRJ 'S'A ‘NSuUNT -y, ‘X0eAdpIoL] T ‘PR ‘DM "ML ‘SI¥RM
V661 ‘T0L-989 ‘GGT 0oy +oyIma M
‘uopy ‘wejshs uoryeqruuisse eyep adydsodosy-areqdsojelsS v ON.O 'V PUe ‘Y “uequimg
"C66T ‘VE6I-TE6T ‘67 “HT 's9Y 'shydoon
‘symsal 3811 : SOH PUe ‘€0 IDH ‘OID oMeydsojel)s Jo SJUOWLINSEIUl SULPOIS)aY
OARMIPUII[TWQNS ‘UOSYOLIF “Y'N PU® ‘SIorep "M [ “B[esIe], "y ‘ApreH D[ “V'Y “fruyoels
"G661 ‘TOZTI-I6TTT ‘007 “'s2Y "shydos 1 ‘s3os eyep om)
woIj a10ydsosow pue areydsoyer)s raddn 83 UI SIOYSP dUOZO [9pow JO uosiredwrodIsqul
uy ‘gsiired 'y pue ‘nosy, ‘[ ‘Soqswey HH ‘weunpy '§y ‘rouuo) fg “H'd PUSIS
9661 ‘01L6-6.96 ‘T0I ‘52 "shydoay <[ ‘y[[eyeg YoIEISTY
s1eydsouryy 1oddp) o) uo juewnIISUI SHV'TD Y3 £q sjuswLINSEAW (YN pue YHY JO
UOTYRPI[eA ‘URWIPOY) 'Y pue ‘Aerdmniy ‘H'J ‘Aerdinpy ~H°( “elyez ap "y ‘wosuyor ‘H'q
‘SYpnL * M ‘qQURIT, VUM ‘10ISGeM “H"D “UOQT, 1D'D ‘sweiqy "D’ ‘uosuny HW 9[liD
‘DL ‘otssepy “I,'S ‘Aopreg “T'd ‘IereqyueSIO TT'( ‘OeSuySIN "Ny ‘ewmny] ‘g “d'V Yooy
‘€661
‘01 J0T-€9201 ‘96 “-say ‘sfiydosn -r ‘eduemiojiad pue uorjdriss(] JusmIrRdxy :SHV()
uo (SHVTD) 199wo1309dg uoreyy Aeiry quury drmadof1) sy, ‘49110ng "M T PUe ‘sowre[
‘O L ‘o e ‘wSudn DM A YD Te[eqIusloN T ‘ewmy gL “H'Y ‘9ydoy
8661 ‘LY90T-€F901 ‘96 52y shydoan -r ‘uoIsSIN (SUV) 23193eS
yoIRasay exoydsouryy reddp) oy, ‘Teying "Y' Pue ‘TedNIN [Y ‘Ueyyesdi], ‘H'D “y D ‘1egey
‘7661 ‘9STOT-CPIO0T ‘L6 sy ‘sfydoayn -p ‘syueniiysuod otroydsorerys

6¢



32

Figure 10. Computed ozone mixing ratios for five cases: (a) pressure = 6.74 mbar,
latitude = 22.9°, (b) pressure varies according to Fig. 4c, latitude = 22.9°, (c) pressure =
6.74 mbar, latitude varies according to Fig. 4d, (d) vary pressure and latitude according
to Figs. 4c and 4d, (e) vary pressure and latitude according to Figs. 5¢ and 5d.

Figure 11. Model daily maximum ClO mixing ratios using standard chemistry (solid
line) and modified chlorine chemistry (dashed line) for a 960 K parcel. The symbols
represent MLS zonal mean ClO interpolated to the latitude and pressure of the parcel,
along with the estimated 15% measurement uncertainty. Refer to Figure 8c for the
latitude and pressure history of the parcel. MLS zonal means northward of 50° are not
shown due to lack of zonal symmetry.

Figure 12. Ozone profiles inside (dashed line) and outside the pocket (solid line) on
December 24, 1992. Both profiles are at 47.5° north latitude.

Figure 13. Four sets of trajectories for the December 1992 event. Parcels begin on
December 3, 1992 and end on December 24, 1992. ,
Figure 14. As Fig. 4, but for the trajectories ending at 740 K inside the pocket during
the December 1992 event. The observed change in ozone is —2.7 £+ 1.0 ppmv and the

model change is -1.4 ppmv.

Figure 15. As Fig. 14, but for the trajectories ending at 840 K inside the pocket. The

observed change in ozone is —2.7 + 0.6 ppmv and the model change is -2.8 ppmv.

Figure 16. As Fig. 14, but for the trajectories ending at 840 K outside the pocket. The

observed change in ozone is 0.7 + 0.4 ppmv and the model change is -1.7 ppmv.

Figure 17. As Fig. 14, but for the trajectories ending at 960 K within the pocket.
The observed change in ozone is —1.9 + 0.4 ppmv and the model change is -6.1 ppmv.

Computations with modified chemistry are also shown, in the same fashion as Fig. 8.
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Table 2. Species in Photochemical Model

0
H,0,
N,O4
CH30NO,
0CIO
CINO,
CCls
CHF,Cl
CF3CFCl,
CH;0Cl
CCIsNO,
H,CO
CH30,

O('D)
N

N,Os
CH30,NO,
CIO;
CIONO
CFCl,
CCl

CICO
CH,CIO,
CFCL,NO,
CH,OH
CH;00H

H

NO
HNO
Cl
ClL,0
CINO;
CF,(Cl
CFCls
CHCIO
CCl30,
CH;
CH;30
HOCH,00

Hy
NO,
HNO,
Cly
Cl;0,
HCl
CH;Cl1
CF,Cl,
COCl,
CFCl,0,
CO
CH;0,

OH

NO;
HO,NO,
ClO
Cl,03
HOCI]
CH,FCl

CH;CCl3

COFCl

CH,CIOH

CO,

CH,OOH

HO,
N3O3
CH3;0NO
Cl00
CINO
CH,Cl
CHFCI,
CF3;CCl;
CH,CIO
02CINO;
HCO
CH;0H
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